The paper presents a new large small-scale physical model (6 m 3 ) for studying the damage to structures owing to underground movements: settlement, subsidence and sinkhole. The aim of the research is to study the soil-structure interaction effect of large vertical displacement owing to underground mines. The soil used in the physical model is Fontainebleau sand. The simple masonry structure was built using different materials: polycarbonate, silicone, wood and sugar. The vertical displacement was applied by an electric jack. The physical model is used to reproduce ground surface displacement profiles and the displacement measurement system is based on digital image correlation. Image processing was carried out to analyse the soil and structure displacements. The model allowed comparing the behaviour of soil and structure under different conditions: greenfield and with structure (different positions). Tension cracks appear when the applied subsidence reaches the structure's bearing capacity. The structure damage (cracks) depends on the structure position and the transfer of soil movement to the structure. These results also highlight the importance of the structure position in the development of cracks and damage to the masonry structure. The physical model presents an excellent tool for understanding the behaviour of real buildings and facilities.
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Introduction
Shrinkage and swelling of clays, groundwater lowering, mining activities and collapse of natural cavities could induce the subsidence of ground surface. The occurrence of subsidence of the ground surface can be very damaging to structures and infrastructures and to the safety of people. Damages depend on two main components: the intensity of the subsidence and the structure (position, characteristics, materials, shape, age and design). Recently, several research works have focused on the analysis of the soil-structure interaction phenomena owing to ground movements induced by tunnel and mining excavations (Caudron et al., 2007; Franzius et al., 2004; Giardina et al., 2012; Potts and Addenbrooke, 1997) . They used different approaches: in situ monitoring of real structures, small-scale physical model under normal gravity (1g) or in centrifuge and numerical simulation.
In the last decade, Ineris has researched the interaction between soil and structures, specifically for underground cavities, using numerical and 1g physical models (AbbassFayad, 2004; Caudron et al., 2007; Deck, 2002; Hor et al., 2011) . In particular, a large small-scale physical model has been designed to reproduce the phenomena and to assess qualitatively, and to a certain extent quantitatively, the soilstructure interactions and the vulnerability of masonry structures (typically individual houses). The design, use, filling and instrumentation of this physical model are presented in the current paper (in particular the system used to reproduce ground surface displacement profiles and the displacement measurement system based on digital image correlation (DIC)) together with its validation under greenfield conditions (without the structure). Two simplified building models are studied: in the first case the structure is represented by an equivalent slab, in the second the structure is represented by an assembly of blocks with no consideration of mortar in the joints (only frictional resistance is accounted for). Particular attention is paid to the determination of the transfer ratios of movements from the soil to the structure and of the consequences on damage to the structure.
Subsidence description and consequences

The mechanism of subsidence
Mine subsidence corresponds to the collapse of the ground surface over areas where mineral ores have been removed. Subsidence causes ground surface deformation, resulting in a range of problems from deep holes with vertical sides exposing people to danger, to more subtle forms of subsidence characterised by sagging and hogging of the ground surface producing more damage, over larger areas, affecting nearly all man-made structures. Figure 1 presents the theoretical curves of vertical displacement, horizontal displacement, tilt, horizontal strain and curvature in the case of mining. Similar curves can be presented in the case of tunnelling (Al Heib, 2008; Standing and Potts, 2008) . The subsidence characteristics depend on the characteristics of the underground cavities (depth, area etc.). The influence angles c determine the boundaries of the zone of potential impact of subsidence on structures and infrastructures. The maximum damages are generally observed in structures that are located in the zone of maximum horizontal extension strain defined by the angle h (Figure 1 ).
Damage to structures
The impact of subsidence on buildings and infrastructures has become an important and costly environmental issue during mining operations and following mine closures (EdjossanSossou et al., 2012; ISRM, 2008) . Figure 2 summarises the different components of movements and deformation that can affect the structure due to surface subsidence. Different parameters are defined to qualify the deformation of the structure (Burland and Wroth, 1974) . The vertical component of ground movements causes changes in the ground gradient, which can adversely affect, for example, drainage, tall buildings and machinery in factories. Tilting, horizontal strains (extension and compression) and curvature are the causes of the most commonly observed types of damage. Extension is characterised by pulled open joints in masonry. The compressive strains result in the squeezing-in of voids, such as doors and windows, and in the horizontal movements of masonry blocks. The intensity of the horizontal strain is generally used as the key parameter to assess the level of damage (from light to very severe (Burland et al., 1977; NCB, 1975) ).
Mining subsidence and soil-structure interaction
Empirical rules exist for the assessment of building damage caused by such ground movements (Deck, 2002) . However, they are limited by the context of their definition. There are very few relationships to determine the damages caused to buildings by ground movements and that explicitly take into account the soil-structure interactions. The existing methods are mainly based on numerical studies (Deck and Harlaka, 2010; Dimmock and Mair, 2008; Potts and Addenbrooke, 1997) . The way soil movements affect the structure depends on the stiffness of the structure, its age and the type of foundations. Potts and Addenbrooke (1997) showed, using two-dimensional (2D) numerical modelling, that the transfer of soil strains to the structure decreases with the increasing relative bending (r*) and axial (a*) stiffness (Equations 1 and 2). They are defined by the constant elastic modulus of the soil (E s ) and structure (E) and by the length (B), cross section (A) and inertia of the structure (I) assumed to be equivalent to a beam
The soil-structure interaction influences the transfer of strains to buildings and other types of structures. The nature of the subsoil can play a major role in the transfer of underground movement to the structures. Several research projects have focused on analysing the ground-structure interaction phenomena due to several types of soil movements (AbbassFayad, 2004; Burd et al., 2000; Deck, 2002; Lee and Bassett, 2007; Nakai et al., 1997; Standing and Potts, 2008; Sung et al., 2006) . The present paper will mainly focus on the presentation of soil-structure interaction in the case of mining subsidence using the facility of the physical modelling.
3. Design of a 3D large small-scale physical model for the analysis of the effect of mining subsidence
State of the art
Investigation of the impact of mining subsidence on infrastructure can be done through the physical modelling. Four types of physical model can be identified following the size of the model: full-scale field tests, small-scale physical field tests, smallscale physical laboratory tests (1g) and, finally, small-scale centrifuge tests (Allersma, 1995) . The small-scale physical model was adopted in the present study because of its benefits: size reduction, simplification and convenience, possible analysis of situations for which analytical models are too complex, and ultimately possible use of the experimental data as base for the validation of theoretical or numerical models. Nevertheless, it is subject to well-known limitations that are acknowledged in the present case: full compliance with scaling laws is often impossible; the performance capabilities of test facility influence the modelling, design and manufacturing; measurement and testing costs affect modelling and designs (Muir Wood, 2004 ). Very few small-scale physical models have been used to study the effects of ground movements caused by mining operations or by the collapse of old mines. The first physical model was presented by Knothe in 1950 in which sand was used to describe the subsidence.
Recently, Dyne (1998) conceived a trap door type model in order to represent the occurrence of sinkholes in an old coalmine in Pennsylvania. The model has a trap door with four different widths and a single layer of sand as overburden. Castro et al. (2007) and Trueman et al. (2008) dedicated their study to the block caving exploitation method. Aydan et al. (2010) studied the effect of an earthquake on the stability of an old coalmine in Japan. They showed that depending on the geometry the failure may occur in the pillars or at the mine ceiling. Ren et al. (2010) Large-scale soil-structure physical model (1g)-assessment of structure damages Al Heib, Emeriault, Caudron et al. weights and foundation systems, on the path followed by a fault activated by the Kocaeli earthquake (Bransby et al., 2008a (Bransby et al., , 2008b . None of the tests considered the potential damages caused by subsidence on the buildings.
Design of the Ineris small-scale physical model
To design the large small-scale model the following postulates must be considered: the design hypotheses of the physical model depend on the purpose of the tests and on the constructive characteristics of the prototype. Obviously, some of these design hypotheses are a consequence of the scaling laws. The physical model must be a true scalar representation of the prototype. The length scale defining the model dimension is considered a fundamental quantity within the model's design. The boundary conditions must enable the model to move and deform in a manner similar to the prototype.
According to the postulates, the physical model is designed to be used in a 1g environment (earth gravity). The objective of the physical model is to simulate the surface ground movements owing to mining and underground cavities. The large small-scale model must be able to hold a soil block of 3 6 2 6 1 m. The main aim of the Ineris physical model is to measure the surface deformation and building damage caused by an underlying trough ( Figure 3 ). The movements at ground surface are achieved by vertical downwards movements of electric jacks placed at the bottom of the model. The control of the velocity and the magnitude of the vertical movement are both realised using computer and commercial software. The cross-section of the actuator is limited to 250 6 250 mm, corresponding to up to 12?5 6 12?5 m at prototype scale. The apparatus is indeed limited to localised phenomena: small sinkhole or collapse/subsidence of limited extent. The initial design of the model allows the installation of a collection of several jacks in order to reproduce various shapes and extents of collapse/subsidence. The purpose is to be able to model, for example, a chosen area from a subsidence trough observed in a mining basin and then to study the effects of this particular trough on the buildings and the protection potential of several mitigation techniques.
Measurement technique
Measurement of surface displacements is achieved by means of stereo digital imagery. The DIC technique was used to determine the displacements and deformations. DIC allows monitoring the whole surface of the ground and more especially where ground movements occur. The commercial software VIC3D from Limess GmbH was chosen, after analysing different commercial software, owing to its effectiveness in computing sand grain movements showing very low contrast (Son et al., 2012) . VIC3D provides full-field, 3D measurements of shape, displacement and strain. The usual performances of VIC3D used on solid and continuous specimens range for strains from 50 microstrain to 2000% strain and above, for specimen sizes ranging from ,1m mt o.10 m. The first application proposed by Hor et al. (2011) to granular materials such as sand have shown that the global precision is equivalent to 0?05 pixel). Son et al. (2012) used a threedimensional digital image correlation (3D DIC) analysis to investigate the displacements on the surface of a dense sand specimen during a triaxial compression test. The relative position of the two cameras (see Figure 3 ) is very precisely known as well as the distance to the zone of maximum movements. In these conditions, the global precision of 3D displacements of the soil and structure surfaces is 0?02 mm in vertical and in plane horizontal directions and 0?10 mm in the horizontal out of plane direction ( Figure 3 ).
The two high-resolution digital cameras, 4 megapixels each, have a maximum frequency of 8 images/s at full resolution, with the possibility of reaching 30 images/s with a 1 megapixel resolution. They must be calibrated before the start of a test by Large-scale soil-structure physical model (1g)-assessment of structure damages Al Heib, Emeriault, Caudron et al. means of a test pattern. A good calibration allows obtaining very accurate measurements with an error of 1/100 of a pixel in good conditions: this corresponds to 10 mm when 1 pixel is equal to 1 mm. The precision of the measurement is close to 5/100 pixel. In the tests presented later in this paper, this ratio is close to 2 pixels per millimetre. However, because the sand used in the experiments cannot be considered a true continuous media (being constituted of small particles), the corresponding maximal error has been estimated to be close to 0?10 pixel (corresponding to 0?0 mm), which is still a good performance (Correlated Solutions, 2010; White et al., 2003) . The application of the DIC method requires the physical determination of the horizontal distance between the two cameras (400 mm), and the determination of the angle between the two-camera axis through the use of a calibration target (the calibration target is imaged simultaneously in both cameras, and the synchronised target images are used to fully calibrate the system in one step).
The main disadvantage of this method of monitoring is the huge volume of data created by a single test. With a volume of 8 MB per capture (two images of 4 MB each) and considering the maximum frequency of capture, nearly 2 GB of raw data need to be stored each minute. For a full test and with the exploitation files for the digital correlation process, this corresponds to a total required memory volume of between 30 and 40 GB. The localisation of the cracks (opening joints) is determined using a correlation quality indicator provided by VIC3D for each correlation analysis. A statistical confidence region, in pixels, based on the analysis of covariance matrix of the correlation equation is calculated. If the corresponding variable (denoted sigma) exceeds a given threshold, the data are removed from the analysis. It gives a direct feedback (a qualitative scale) on the data quality but also on the occurrence of a crack: when a crack appears, a strong discontinuity of displacements is generally observed resulting in a sudden change in the value of sigma. Each crack is then affected to a certain class of damage based on the value of sigma.
Validation of the physical model under greenfield conditions
The analogue soil
A model soil was used for the validation of the ability of the physical model to reproduce phenomena observed at large scale. Even though this soil is cohesionless, in future it will be possible to use cohesive material (with the appropriate installation methods). The considered model soil is Fontainebleau sand (essentially silica with silicon dioxide (SiO 2 ) . 98%), well known to researchers in physical geotechnical modelling (Garnier, 2002) . This sand is very smooth and for our purposes category NE 34 sand was chosen. The considered grade of Fontainebleau sand (D 50 5 200 mm) has on the one side less negative effects, due to scale ratio of the physical model, on the transfer of movement from soil to structure than another type of sand, but on the other side, allows the use of DIC with a satisfying accuracy of the displacements determination. The grading curve and mechanical characteristics of NE 34 sand are presented in Figure 4 and Table 1 . The results were obtained from laboratory tests (shear and triaxial tests). The density and mechanical characterisations vary according to the degree of compaction. The density of the Fontainebleau sand is determined as a function of the value of the void ratio (e). The concept of the relative density (D r ) was adopted. The relative density of the granular soils such as sand can be determined by D r 5(e max 2e)/(e max 2e min ) 6 100 with e min and e max : minimum and maximum void ratios determined according to standard test procedures. Loose sand is considered when the relative density ranges between 0 and 40%, medium sand corresponds to values 
Test procedure
The sand is manually placed in the tank by layers of 15 cm thickness. Each layer is compacted by a compacting tool equipped with 15 cm long needles in order to ensure the required level of density, repeatable for each test (Figure 5(a) ). This is repeated until the total height of the soil layer is 
reached, in this case, 30 cm. Finally, a 130 cm wide rule is used to obtain the correct horizontal level on the whole ground surface ( Figure 5(b) ). Dynamic penetrometer tests (Panda) were used to determine the density of the sand (GTR, NF P11-300), and the results (D r 5 44 to 49%) indicate that the sand is close to medium state in depth and to loose state on the surface.
A snapshot is then taken by both cameras to ensure that the ground surface is flat enough with a tolerance of less than 5 mm over the whole 3 m 6 2 m and respectively gives a maximum slope of 0?16% and 0?25% of the length and width apparatus. The building model is placed delicately on the ground surface for different positions. The acquisition by the two cameras is then started with a frequency of 0?5 Hz (one image every 2 s). At the same time, the program controlling the displacement of the jack is launched. The jack is moved downwards with a constant velocity of 0?15 mm/s for a total displacement of 30 mm. At the end of the test, the displacements of the ground surface (and in the sequel of the structure) are computed by the DIC program. The treatment of images allows the determination of vertical and horizontal displacements and strains ( Figure 6 ). Different profiles can be drawn to analyse the soil and structure behaviour. At the end of the experiment, in order to determine the total displacement of the soil under the structure, the structure is carefully removed and an addition image of the soil is taken.
Analysis of the tests under greenfield conditions
To validate the design of the large-scale physical model and the test procedure and post-treatment, a vertical movement of the jack is applied at the bottom of the sand layer with a constant velocity of 0?15 mm/s. The total vertical movement of the jack (displacement) is 3 mm corresponding to 1?2 m in reality considering the adopted scale factor (1/40). Four identical tests were performed in order to ensure a good level of repeatability. As shown in Figures 6 and 7 , the greenfield subsidence trough can be considered to be symmetric. The characteristics of the subsidence (vertical displacement, horizontal displacement, maximum tilt and horizontal strain) were determined along different horizontal directions. Three profiles have been considered for the exploitation of the results. In the tests involving soil-structure interaction, these profiles correspond to the lines going from the centre of the building to the centre of the subsidence trough. The extension of the subsidence trough is limited to 300 mm, corresponding to an influence angle of 45˚. The maximum vertical displacement (surface subsidence) is equal to 85% of the vertical displacement applied at the bottom of the soil layer. The average global characteristics are summarised in Table 2 . The difference from Figure 7 ). With the two empirical equations (3 and 4), one can calculate the displacements for different distances (x) from the centre of the trough. The ability of the physical model is to reproduce in situ observations in the case of green field conditions.
3.
Sv (x)~Smax e {x 2 =2i 2 4. Table 2 summarises the maximum parameters of the subsidence. The values of tilt and horizontal strain are very high if a structure is directly impacted by the corresponding settlement trough; one can expect it to be damaged.
5. Assessment of soil-structure interaction with simplified structure models
The structure
In order to study the effects of the soil-structure interactions during the occurrence of a subsidence trough, an individual house is used for testing. The reference geometry for the building is based on the analysis of an existing database of individual buildings damaged by mining subsidence in the east of France (Deck, 2002) . A typical 10 m 6 10 m two-floor house constituted of masonry walls (Young modulus: 6000 MPa and Poisson ratio: n 5 0?3), reinforced concrete slabs (Young modulus: 30 000 MPa, Poisson ratio n 5 0?2) and shallow foundations is considered. This realistic prototype scale model has been simplified to define the small-scale model.
The first physical model of structure corresponds to a simple equivalent slab. The 25 6 25 cm surface of the slab is relevant with the prototype (10 m 6 10 m) with a scale ratio equal to 1/40. It is determined by the nature of the material characterised by Young's modulus and the thickness of the slab e. These two elements are combined to obtain a bending stiffness EI and an axial stiffness EA of the slab equivalent to those of the 3D structure, taking into account the scaling laws (Garnier et al., 2007) . Theoretically, the correct thickness should be 50 cm at prototype scale according to the approach of Potts and Addenbrooke (1997) . The adopted thickness is equal to 25 cm and both bending and axial stiffness are approximately halved.
Two materials are used to represent the slab in the small-scale physical model: polycarbonate and silicon. The polycarbonate slab corresponds to a simple sheet. The silicon slab's geometry is more complex with the height of the edges equal to 40 mm and the height of the inside equal to 18 mm ( Figure 8 ). Large-scale soil-structure physical model (1g)-assessment of structure damages Al Heib, Emeriault, Caudron et al.
therefore loaded with small bags of lead balls in order to apply on the ground surface the correct equivalent weight of the structure). The silicone slab has a high thickness and a small Young's modulus. Owing to the geometric and mechanical characteristics, the silicone slab has a smaller axial stiffness (295%) and a greater bending stiffness (+17%) than the polycarbonate slab. Table 3 summarises the main characteristics of the two small-scale models of the slab (polycarbonate and silicon). The adopted scale factor herein is (1/40). This table highlights the difference between the ideal model parameters (corresponding to the scaled values of the prototype characteristics) and the values used in the two simplified models of the structure.
The polycarbonate slab is placed directly on the ground, and the contact between the slab and the soil only mobilises the friction angle of the interface. This limits the interaction between the soil and the structure. However, it is very easy to reproduce this procedure over several tests.
Results obtained with the polycarbonate structure
Three positions of the structures with respect to the centre of the subsidence trough were studied with the equivalent slab model ( Figure 9 ). They are actually defined with respect to the main component of the subsidence trough and related loading mechanisms. Position 1 corresponds to the maximum slope, position 2 mainly to an extension and position 3 corresponds to the compression zone of the trough's centre. Four tests were performed for each position of the building, as under the greenfield condition. Results are then presented from two points of view. First, the displacements measured at ground surface are compared with those obtained in greenfield conditions in order to identify the effect of the building on the ground behaviour. Second, the strains of the building model and the transfer ratio are determined.
Effect of the structure on the ground subsidence
The building causes some important differences in the soil displacement at ground surface. The trough, symmetric under greenfield conditions, shows clearly a dissymmetric shape, except for the case of position 3 (Figure 9 ), centred in the subsidence trough, where the displacements remain symmetric. Two examples of ground displacement curves are shown in Figure 10 , corresponding to the profiles plotted for the position 1 (Figure 10(a) ) and position 2 (Figure 10(b) ) of the soil and the building (in these figures, the horizontal axis goes along an axis of symmetry of the structure and intersects the vertical axis of symmetry of the jack and therefore of the reference greenfield settlement trough). The final soil displacements were obtained after removing carefully the structure. It appears that the soil movements are reduced due to the effect of the soil-structure interaction. Different areas may be distinguished, depending on the relative displacement of the ground to the building model. In the central part of the trough, the ground falls off the building owing to greater displacement, whereas on the other side of the building, its rotation causes another loss of contact between soil and model.
5.2.2
Effect of the subsidence trough on the structure's behaviour The 3D movements and deformations of the building can be accurately determined by means of the DIC system and further compared to the soil displacements and strains under greenfield conditions. In addition, the transfer ratio between the soil and Table 4 . Comparison between the parameters of the main deformation modes determined under greenfield conditions and using the building model (soil structure interaction -SSI) 
the structure deformations responsible for the damage to the structure are determined. The horizontal extension/compression, bending and tilt are summarised in Table 4 . It appears that the horizontal strains of the slab are very small compared to the corresponding soil deformation in greenfield conditions. The polycarbonate slab mainly rotates and the slope is equal to approximately half of the slope of the soil. Two possible explanations for this observation are the large relative stiffness of the building and the fact that the building is just lying on the ground surface (no embedment depth). The soil-structure interaction is thus clearly identifiable: the behaviour of the soil is substantially modified due to the presence of the building, and consequently the strains measured in the structure are different from those calculated using the ground displacement in greenfield conditions. 5.3 Effect of the flexibility and embedment depth of the structure: silicone slab Figure 11 presents the profiles of vertical and horizontal displacement of both the soil surface and the silicone slab structure for position 2. Table 5 presents the main parameters of the subsidence phenomenon compared with the greenfield situation. One can observe the reduction of the amplitude of vertical and horizontal displacements and maximum tilt as for the polycarbonate slab. Even though the effect of the structure is clearly apparent, the reduction of the parameters is not as significant.
One can observe that the vertical displacement of the structure is smaller than the vertical soil displacement (Table 5) , indicating a loss of contact between soil and structure at the corner of the slab close to the centre of the subsidence trough. The comparison between the two slabs confirms the influence of the structure's stiffness. All the displacements and tilt are greater for the polycarbonate slab than for the silicone slab. The horizontal compression strain is eight times more sensitive for the silicon slab than for the polycarbonate slab. Table 6 also shows that the ratio between soil and structure displacement varies as a function of the material characteristics: because of its flexibility, the silicon slab follows the soil movement, whereas the polycarbonate slab behaves as a cantilever beam. Within the range of loads applied to the slab in both cases, it is noteworthy that polycarbonate and silicon still behave as elastic materials, even if the deformations considered at the prototype scale would cause severe damage to the structure. In order to reproduce damage and collapse of the structure, it is necessary to consider other models of structures and materials. This result confirms the importance of the stiffness, in particular the axial stiffness of the slab. In addition, the silicone slab is partly embedded in the ground, whereas the polycarbonate slab is just resting on the soil surface owing to its limited thickness. The potential damage to the silicone slab is greater than that to the polycarbonate slab (if the strength characteristics of these two materials were compatible with compression or extension plasticity and failure). In both cases the corresponding strains are very substantial for a real structure. Large-scale soil-structure physical model (1g)-assessment of structure damages Al Heib, Emeriault, Caudron et al. 6. Assessment of soil-structure interaction with realistic structure models
Masonry structure
The structure model has been improved by adding the principal walls of the masonry structure ( Figure 12 ): the material used to reproduce the masonry in the small-scale model is wood or sugar pieces. The sugar pieces used come from the commercial markets. The wood type used herein is Azobe, corresponding to very dense wood associated with high compression strength. There is no mortar between blocks, the friction angle being large enough to allow the transfer of displacements and stresses between blocks. The main advantage of masonry blocks without mortar is the early initiation of damage to the structure with limited soil displacements and deformations. The main inconvenience is that the model will not reproduce the behaviour of a typical masonry structure after the initiation of the first crack and in particular the possible localisation of damage in a limited number of cracks. The mechanical parameters of sugar and wood blocks have not been determined for this study. The construction of the structure model is realised manually. It uses the silicone slab as a foundation system. Table 6 summarises the characteristics of the masonry materials (prototype, sugar and wood). The actual scale factor (1/40) is not respected. The difference between wood and sugar concerns the block dimensions and the corresponding Young's modulus. The sugar blocks are two to three times larger than the wood pieces. The wood pieces are cut to represent more closely real masonry blocks. The blocks are rigid and damage will be essentially observed at the joints (normal opening or tangent relative displacement).
Results for the masonry structure in position 2
For the purpose of the test (mainly feasibility), the masonry s t r u c t u r ew a sl o c a t e da tt h eg r o u n ds u r f a c e( w i t ha ne m b e d m e n t depth of the silicone slab foundation) in the maximum tilt zone corresponding to position 2 ( Figure 9 ). The embedment improves the soil-structure interaction and the transfer of soil movement to the surface structure; it also corresponds to the reality, even with good quality soil and limited applied loads. The maximum of the applied vertical displacement is 30 mm (1?2 m in the real scale). The result of tests on the masonry structure using the sugar and the wood pieces are presented in Figures 13 and 14 , respectively. Large-scale soil-structure physical model (1g)-assessment of structure damages Al Heib, Emeriault, Caudron et al. Table 7 presents the tilt of the silicon slab (measured on the foundation, profile 1-1 defined in Figure 13 ) and of the soil close to the foundation (profile 2-2) for two identical tests performed with wood blocks. The silicone foundation is flexible and the relative axial stiffness (approximately 10
22
)i s very small. It allows a good transfer of horizontal strain following the Potts and Addenbrooke (1997) approach. The transfer ratio of the tilt varies between 69% and 97%. The ratio is very high compared to the case using a polycarbonate foundation. Severe damage to the masonry structure is observed owing to the tilt of the foundation and the associated deflection ratio (0?6%), which is also a measure of the building's curvature.
The DIC technique makes it possible to determine the development and localisation of the principal joint opening (fissures or cracks) by measuring the normal distance between two blocks initially in contact. Three main classes are considered: green for negligible damage for very small cracks with a width less than 0?1 mm, yellow for intermediate damage, the width of cracks is less than 5 mm, and the red class corresponds to a severe damage, the width of cracks is greater than 5 mm ( Figure 13 ). The first opened joint between sugar blocks is observed for a vertical surface displacement of 3 mm and only one or two blocks are concerned ( Figure 13 ). The opening of the joint is smaller than 0?025 mm (1 mm at the prototype scale). The number of opened joints increases with the vertical displacement of the jack. The width of the opening joints increases up to 0?375 mm. At the end of the test, it can be assumed that the vertical cracks develop across the structure from the bottom to the top. The localisation of vertical cracks corresponds to the limit of the contact between the soil and the structure. The foundation induces the opening of the joints between blocks.
The use of the wood pieces (that approximately respect the scale factor) confirms the masonry structure behaviour and the development of opening joints (Figure 14) . The localisation of opening joints in the wood structure corresponds to those obtained in the sugar structure. The opening of the joints, in the case of the wood pieces, is much smaller than the sugar pieces. The identification of a privileged direction of opening cracks is more delicate than in the case of sugar pieces. The pieces of the wood are smaller, so the localisation of cracks is different and concerns larger zones compared to the sugar structure. This result can help to understand the role of the dimensions of masonry structure blocks in subsidence zones.
Conclusions and outlook
This paper presents a new apparatus (medium-sized physical modelling facility) to model ground movements caused by the collapse of underground cavities. A description of the model (design, material, image treatment etc.) has been given in the paper. The Fontainebleau sand, digital cameras and VIC3D software and electric jack were used to model and determine underground movement. A simple model of structure using different materials (polycarbonate, silicone, wood and sugar), was designed. It represents at the prototype scale a typical individual house and is used for two main purposes: to observe the evolution of the ground movements (with or without the building model) and to analyse the behaviour of the building itself and, thus, to shed some light on the importance of the soil-structure interaction. It can be concluded from this study that the soil-structure phenomenon must not be neglected and that it depends greatly on the relative position of the building in the subsidence trough.
The apparatus enables the effect at the ground surface of the failure of the typical case of a mine located 20 m below ground level with a 10 6 10 m 2 cross-sectional area of extraction to be reproduced with a scale factor of 1/40. Several models have been developed to mimic the behaviour of a typical 10 6 10 m two-floor individual house made of masonry. This large smallscale model appears to be a very useful tool for studying the soil-interaction phenomena.
Concerning the structure behaviour, a stiff structure behaves like a cantilever beam and ground displacements transferred to the structure are smaller than for a flexible structure. A first approach has been proposed for the analysis of the damage to a masonry structure by means of sugar and wood blocks. This approach shows that the damages to the structure were located clearly in the zone of maximum tilt. The open cracks in the structure model made of sugar blocks are more localised than the ones in the model made of wood blocks perhaps owing to the differing dimensions of the blocks and the friction angle between blocks. With either type of block, it is possible to determine during the subsidence the location and the size of damages in masonry structures.
Despite the encouraging results presented in this paper, one must not forget the limitations and simplifications of the considered cases compared to real-life situations (mainly the fact that the scaling laws are not totally fulfilled in this 1g small-scale physical model). This research should be pursued to improve the physical modelling of the soil and masonry structures. Further research should also propose reference results for the validation of theoretical or numerical methods to determine the type and amount of damage to structures.
